The deposition of the photoactive MoSe, thin films is based on the reaction of hexaammine molybdenum(vr) ions and sodium selenosulphate with hydrazine hydrate as the reducing agent. The bath preparation was carried out by mixing together 20 cm3 of 0.1 mol dm-, Mo" solution, 7.4 cm3 of 25% NH,, 10 cm3 of hydrazine hydrate (80%) and 25 cm3 of 0.45 mol dm ~ sodium selenosulphate.? The mixed solution was magnetically stirred during the reaction. Before the ordinary glass substrate was used for chemical deposition it was cleaned with chromic acid and acetone to remove any residual impurities, rinsed with deionized water and dried. The cleaned substrates were placed vertically to the plating solution in a beaker. The deposition temperature was maintained at 40 2 C. After 8 h the slides were covered with dense yellowbrown MoSe, films. The following standard chemical reactions are involved in the mechanism
The film thus obtained was washed thoroughly with deionized water and dried in air. The films were smooth, of thickness 0.6-0.8 ,um and very good adherents to the glass substrates.
If the solution contained > 10 cm3 of hydrazine hydrate, the films showed non-uniformity and poor electrical properties; increased thickness (>0.8 pm) was attained within 3-4 h but t Sodium selenosulphate solution (0.45 mol dm-3) was prepared by refluxing 8 g Se powder with 10 g sodium sulphite (anhydrous) in 150 cm3 of water for ca. 4 h. A small amount of Se, which remained undissolved, was separated through a glass filter (G 3-4). The formation of sodium selenosulphate can be explained by the reaction 2SO:-+Se+H,O+SeSOi-+SO:-+H,.
the films were more brittle. Excess amounts of NH40H slowed the rate of deposition of MoSe, but increased its adherence to the glass substrates. The structural parameters of the deposited film were determined by X-ray powder diffraction using nickel-filtered Cu-Ka radiation (A= 1.5405 A) using a Siemens D500, and are shown in Fig. 1 . The annealed sample showed well defined crystallographic planes, which were identified using the standard JCPDS diffraction data file. The observed d-values are in good agreement with the JCPDS values and the structure is rhombohedra1 with preferred orientation (003) and lattice constants a=3.289 A and c = 19.391 A.8 The as-deposited film showed a broad X-ray spectrum suggesting that it had an amorphous structure. The grain size was measured using the method described by C~t t r e l l .~
The thermal treatment of the deposited films was done in N, atmosphere under optimal conditions; optimal conditions were found as 380 "C, 1 h, which dramatically enhanced the average grain size from 0.13 f 0.0 1 pm to 0.42 & 0.0 1 pm. The compositional analysis by EDAX (energy-dispersive analysis by X-rays) was carried out on both the as-deposited and the annealed films. The Mo and Se contents were estimated by comparison of the intensities of 99.999% purity elemental Mo and Se and were used as standards. The as-deposited samples showed 37.8 & 0.5% Mo and 62.2&0.8% Se by weight (very close to the stoichiometric composition). After annealing (N2 atmosphere, 380 "C for 1 h) the film composition showed 39.4+0.5% Mo and 61.6&0.8% Se. The slight drop in Se in the film may be due to its out-diffusion during annealing. Fig. 2 shows the optical absorption cs. incident photon energy (hv) curves for (a) untreated (300 K) and (b) thermally treated MoSe, films. An identical glass slide was used as the reference and the values of optical absorption coefficient (a) were not corrected for the reflectance of the film surface. The bandgap (E,) changed from 1.48 to 1.36 eV. The decrease in E , after heat treatment is mainly due to an increase in the effective grain size. The latter value of E , is in close agreement with the value of 1.35 eV for polycrystalline MoSez films." The electrical resistivity was at 300 K measured with a four-point probe and the van der Pauw technique. Conducting silver paint is used for ohmic contact. The asgrown film had a resistivity of ca. 3.8+103 R cm. After the thermal treatment (380 "C for 1 h in an N2 atmosphere), the resistivity decreased significantly to 1.2 R cm. This decrease in resistivity is due mainly to the formation of Se vacancies and is confirmed by EDAX analysis. This explains the n-type conductivity in this material. Room-temperature (300 K) Halleffect measurements on the annealed samples showed that the majority of the charge carriers were electrons with a mobility of 36.4 cm2 V-' s-' and a concentration of 1.4 x 1017 ~m -~.
